Casein zymographic assays were performed to identify changes in f,L-calpain and m-calpain activity in naive, sham-injured, and injured rat cortex at 15 minutes, 3 hours, 6
hours, and 24 hours after unilateral cortical impact brain injury.
Cortical samples ipsilateral and contralateral to the site of in jury were separated into cytosolic and total membrane frac tions. Marked increases in f,L-calpain activity in cytosolic frac tions in the ipsilateral cortex occurred as early as 15 minutes, became maximal at 6 hours, and decreased at 24 hours to levels observed at 15 minutes after injury. A similar temporal profile of cytosolic f,L-calpain activity in the contralateral cortex was observed, although the increases in the contralateral cortex were substantially lower than those in the ipsilateral cortex.
Differences were also noted between cytosolic and total mem brane fractions. The detection of a shift in f,L-calpain activity to Traumatic brain injury (TBI) can result in excitotoxic consequences that have largely been attributed to patho logical increases in intracellular calcium (Fineman et aI., 1993; Nilsson et aI., 1993; Shapira et aI., 1989; Nadler et aI., 1995 , for reviews see Hayes et aI., 1992 , McIntosh, 1996 . Loss of calcium homeostasis can result in activa tion of calcium-dependent proteases, calpains, that may the total membrane fraction first occurred at 3 hours after trau matic brain injury and became maximal at 24 hours after trau matic brain injury. This shift in f,L-calpain activity between the two fractions could be due to the redistribution of f,L-calpain from the cytosol to the membrane. m-Calpain activity was de tected only in cytosolic fractions. m-Calpain activity in cyto solic fractions did not differ significantly between ipsilateral and contralateral cortices, and increased in both cortices from 15 minutes to 6 hours after injury. Relative magnitudes of m-calpain versus f,L-calpain activity in cytosolic fractions dif fered at different time points after injury. These studies suggest that traumatic brain injury can activate both calpain isoforms and that calpain activity is not restricted to sites of focal con tusion and cell death at the site of impact injury but may rep resent a more global response to injury. be one of the principle causes of pathology after TBI (for reviews see Wang and Yuen, 1994; Yuen and Wang, 1996; Kampfl et aI., 1997) . TBI produces significant degradation of all three major classes of cytoskeletal pro teins, including microtubule-associated proteins (MAP2; Taft et aI., 1992; Hicks et aI., 1995; Posmantur et aI., 1995) , intermediate filament proteins (i.e., low and high molecular weight neurofilament proteins; Posmantur et aI., 1994; 1996a,b) and micro filaments (i.e., spectrin; Kampfl et aI., 1996; Posmantur et aI., 1996a,b; Saatmann et ai., 1996a) . These cytoskeletal proteins are all sub strates for calpain proteolysis. Some studies of cytoskel etal proteolysis after TBI have reported the accumulation of calpain-specific breakdown products (Posmantur et aI., 1994; Saatmann et aI., 1996b; Kampfl et aI., 1996; Newcomb et aI., 1997) . Further, inhibitors of calpain (and other proteases) have been shown to attenuate cy to skeletal protein loss (Posmantur et aI., 1997) and pro vide behavioral protection (Saatmann et aI., 1996b;
Hayes et aI., unpublished data) after experimental brain injury in vivo. Finally, subunit autolysis of f.L-calpain, an event thought to accompany calpain activation, has been reported between 15 minutes and 24 hours after TBI (Kampf! et aI., 1996) .
Despite a number of congruent indirect lines of evi dence for the role of calpain in pathological responses to TBI, no studies to date have provided direct evidence of increased cal pain activity after injury. Moreover, no studies of central nervous system injury have systemati cally compared changes in activity of the major calpain isoforms. The absence of such data may be attributable to difficulties in examining calpain activity in vivo partly due to the presence of the endogenous calpain inhibitor, calpastatin. Recently, a zymographic assay for calpains using nondenaturing casein-containing polyacrylamide gels has been developed that circumvents this limitation (Raser et aI., 1995) . In addition, the technique allows for the differential and concurrent measurement of the two major isoforms of calpain, f.L-calpain and m-calpain. The technique also provides the opportunity for analyzing protease activity in cytosolic and total membrane frac tions, an important consideration because translocation of calpain may be a determinant of its attack on mem brane-bound cytoskeletal protein targets (Saido et aI., 1994) . The present study represents the first application of this technique to in vivo studies of central nervous system injury. We report that TBI results in increases in f.L-calpain and m-calpain activity that occur as early as 15 minutes after injury and persist as long as 24 hours after injury. Increased cytosolic f.L-calpain activity is associ ated with translocation of this isoform to the membranes, while increased m-calpain activity remained in the cyto sol. 
MATERIALS AND METHODS

Chemicals
Rat model of traumatic brain injury
A controlled cortical impact device was used to induce TBI as previously described (Dixon et aI., 1991) . Briefly, adult male Sprague Dawley rats (250 to 300 g) were anesthetized with 2% halothane in a 2: 1 mixture of N20/02. After craniotomy adja cent to the central suture, midway between lambda and bregma, injury was induced by impacting the right cortex (2.5-mm de formation) with a 6-mm diameter tip at a rate of 6 m/sec. The injury produces focal contusion and necrosis in the ipsilateral cortex at the site of impact (Kampfl et aI., 1996; Posmantur et aI., 1996a,b) . Sham-injured animals underwent identical sur gery, but did not receive impact injury. Naive rats were not exposed to any surgical procedures. 1998 Assessment of cal pain activity Tissue homogenization. All animals were deeply anesthe tized with pentobarbital 000 mglkg, intraperitoneally) and were decapitated at 15 minutes, 3 hours, 6 hours, and 24 hours (n = 3) after TBI or 1 hour after sham injury. As in Kampfl et aI., (1996) , excision of both cortices (ipsilateral and contralat eral to the injury site) beneath the craniotomies extended ap proximately 4 mm laterally, 7 mm rostracaudally, and to a depth extending to the white matter. Brain tissue was rinsed in cold 20-mmollL Tris Saline Buffer (Tri (hydroxymethyl) aminomethane hydrochloric acid [Tris-HCl] pH 7.4) saline buffer and immediately homogenized in ice cold homogeniza tion buffer [20 mmollL Tris-HCI (pH 7.6), 5 mmollL EDTA, 5 mmollL EGTA, 1 mmollL DTT, 0.5 mmollL PMSF, 10 f,Lg/mL AEBSF, 5 f,Lg/mL leupeptin] with 15 strokes in a glass/Teflon homogenizer at 4°C, and centrifuged at 100,000 g at 4°C for 60 minutes to obtain cytosolic (supernatant) and total membrane (pellet) fractions (Ostwald et aI., 1993) . The pellets were re suspended in the same homogenization buffer and sheared with a 1.0-mL syringe with a 25-gauge needle by 15 passes. Protein content in samples was assayed by the micro-bicinchoninic acid (BCA) method (Pierce, Rockford, IL, U.S.A.). All samples were aliquoted and stored at -70°C until use.
Il-Calpain isolation. For f,L-calpain isolation, we used a method of calpain purification (Vitto and Nixon, 1986) . 
Casein zymogram.
As has been previously described (Raser et aI., 1995) , casein 
Assessment of m-calpain protein levels
Western blotting. Because we had previously examined lev els of j.L-calpain in identical brain regions at the same time points after cortical impact injury (Kampfl, et al., 1996) , we examined only levels of m-calpain protein. As described in Posmantur et al.(l994) , microdissected tissue was homog enized at 4 DC in an ice cold homogenization buffer containing 20 mmol/L piperazine-N,N-bis(2-ethane-sulfonic acid) (pH 7.1), 2 mmollL EGTA, 1 mmollL EDTA, 1 mmollL OTT, 0.3 mmollL PMSF, and 0.1 mmol/L leupeptin. The presence of chelators and protease inhibitors prevents endogenous in vitro activation of proteases and subsequent artifactural degradation of the proteins in vitro. Homogenates were centrifuged at 100,000 g for 60 minutes to obtain cytosolic (supernatant) and total membrane (pellet) fractions (Ostwald et al., 1993) . The amount of protein in samples was determined using micro BCA method (Pierce). Protein-balanced samples were prepared for polyacrylamide gel electrophoresis in two-fold loading buffer containing 0.2S mollL Tris (pH 6.8), 0.2 mollL OTT, 8% sodium dodecyl sulfate, 0.02% bromophenol blue, and 20% glycerol in distilled water. Samples were heated at 9SDC for 10 minutes. One hundred fifty micrograms of protein were loaded in each lane. A 4% acrylamide stacking gel over a 7.S% acryl amide resolving gel was used. After electrophoresis, proteins were immediately transferred to a nitrocellulose membrane.
The blots were probed with polyclonal anti-m-calpain for 2 hours (dilution 1:1000; a gift from T. Shearer, Oregon Health Science University, see Wang et al., 1996) . After incubation with primary antibody, blots were incubated in peroxidase con jugated goat anti-rabbit immunoglobulin G for 1 hour (dilution 1: 12,SOO). Enhanced chemiluminescence reagents (ECL; Am ersham, IL, U.S.A.) were used to visualize the immunolabeling on x-ray film (Kodak X-omat ARS). 
A
�-Calpain Zymogram
Data analysis
Statistical analysis of the data was performed using an analy sis of variance with the Waller-Duncan K ratio to determine group differences or Student's t-test. Significance was taken as p � .OS. Variance was expressed as SEM.
RESULTS
J.l-Calpain analysis
Densitometric analyses detected little f.L-calpain activ ity in naive rats and low levels of activity in sham injured rats (Fig. 1) . Cortical impact injury resulted in significant increases in f.L-calpain activity in cytosolic fractions from the ipsilateral cortex that occurred as early as 15 minutes after injury, peaked at 6 hours after injury, and remained above sham-injury levels at 24 hours after injury (P � .05, compared to sham injury). Increases in f.L-calpain activity in total membrane fractions from the ipsilateral cortex were not detected until 3 hours and were maximal at 24 hours after injury. In the contralat eral cortex, f.L-calpain activity was significantly elevated in cytosolic fractions at 3 hours after injury, peaked at 6 hours after injury (P � .01 compared to sham injury) and did not differ from sham-injury values by 24 hours after injury (P � .05). Evidence of f.L-calpain activity was not detectable in membrane fractions from the contralateral cortex until 3 hours after injury and was maximal at 24 hours after injury. Levels of f.L-calpain activity in the 6) and total mem brane fractions (lanes 7 to 12) from naive (lanes 1, 7) , sham injured (lanes 2, 8) , and injured cortices at 15 minutes (lanes 3, 9), 3 hours (lanes 4, 10), 6 hours (lanes 5, 11), and 24 hours (lanes 6, 12) after injury. (8) Densitometric analyses of �-calpain activity in cytosolic and total membrane fractions from cortical samples ipsilateral and contralateral to the site of injury. Signifi cant increases in �-calpain activity in cytosolic fractions occurred within 15 minuteS after injury and persisted for at least 24 hours. Increases in �-calpain activity in total membrane fractions first occurred at 3 hours after injury and was maximal at 24 hours (*, p,,;; .05; **, p,,;; .01; ***, p,,;; .001). See text for details. M") . m-Calpain ac tivity from rats was studied in cytosolic (lanes 1 to 6) and total membrane fractions (lanes 7 to 12) from naive (lanes 1, 7) , sham injured (lanes 2,8) , and injured cortices at 15 minutes (lanes 3, 9), 3 hours (lanes 4, 10), 6 hours (lanes 5, 11), and 24 hours (lanes 6, 12) after injury. contralateral cortex (total membrane and cytosolic frac tions) were markedly lower than values observed in the cortex ipsilateral to injury (P � .01).
m-Calpain analysis
Densitometric analysis detected no significant differ ences in m-calpain activity between naive and sham injured rats (Fig. 2) . Cortical impact injury resulted in significant increases in m-calpain activity in cytosolic fractions from 15 minutes to 6 hours after injury in the ipsilateral cortex (P � .01 compared to sham injury). By 24 hours after injury, m-calpain activity in cytosolic frac tions from the ipsilateral cortex was not significantly different from sham-injury values. In the contralateral cortex, m-calpain activity was significantly increased in cytosolic fractions only at 15 minutes after injury (P � .05 compared to sham injury). There was no detectable m-calpain activity in total membrane fractions. Levels of m-calpain activity in cytosolic fractions from the contra lateral cortex were not significantly different from values observed in the cortex ipsilateral to injury.
Western blotting analysis detected prominent 80-kd immunoreactive bands in the absence of lower molecular weight bands, suggesting no autolysis or further process ing of the parent protein (Fig. 3 ). There was no apparent change in m-calpain immunoreactivity in cytosolic or total membrane fractions from samples taken at various times after TBI. Immunoreactivity to m-calpain was more apparent in cytosolic than in total membrane frac tions and did not differ in samples taken from cortices ipsilateral and contralateral to the site of injury.
J Cereb Blood Flow Metab. Vol. 18. No.2. 1998 Comparison of JI-calpain m-calpain activity Because incubation buffers for calpain isoforms re quire different pH values for optimal detection of calpain activity (pH 7.5 for J..L -calpain; pH 7.3 for m-calpain), Western blots of m-calpain protein in cytosolic (superna tant) and total membrane (pellet) fractions in ipsilateral and con tralateral cortices after experimental traumatic brain injury. Analy ses detected prominent 80-kd immunoreactive bands to m cal pain that were more evident in cytosolic than total membrane fractions. There was no apparent change in m-calpain immuno reactivity from naive (lanes 1, 7) , sham injured (lanes 2, 8) , and injured cortices at 15 minutes (lanes 3, 9), 3 hours (lanes 4, 10), 6 hours (lanes 5, 11), and 24 hours (lanes 6, 12) after TBI.
ity in nervous cortical However, Table 1 
